Abstract: We present bifunctional nanostructured (NS) coverglasses with enhanced transmittance and self-cleaning function for improving the efficiency of a photovoltaic (PV) module with an InGaP/GaAs/Ge triple-junction solar cell. Prior to the fabrication of NS coverglasses, theoretical investigations were carried out using a rigorous coupled-wave analysis method to determine the desirable glass nanostructures that can effectively enhance the light absorption of the PV module. The transmission properties of the fabricated NS coverglasses with different glass nanostructures were systematically analyzed by considering the absorption spectrum of three subcells of the solar cell in order to find the most effective NS coverglass for enhancing the photocurrent of the PV module and thereby improving the conversion efficiency. The PV module with the most effective NS coverglass showed 4.2% enhanced short-circuit current density and 4.3% enhanced efficiency compared with the PV module with a bare coverglass measured under one sun of the air mass 1.5 global, showing the necessity of integrating a finely designed NS coverglass to effectively improve the efficiency of various PV systems with multijunction solar cells.
Introduction
Photovoltaic (PV) systems with III-V compound semiconductor based multi-junction (MJ) solar cells are, due to their high conversion efficiency and strong durability, a promising form of renewable energy source to solve global-warming and energy shortage issues that our society faces [1] - [3] . In practice, PV systems are installed outdoors and face harsh weather conditions. Hence, a cover material is necessary to protect the solar cells from external shock, heat, ultra-violet (UV) irradiation, and corrosive acidic rain [4] . Glass has been widely used as a cover material of the PV systems due to its beneficial properties such as high transmittance and resistance against weathering and UV radiation [5] . However, approximately 4% of Fresnel reflection loss at the sun-facing side of glass, which originate from the refractive index difference between air ðn air ¼ 1Þ and glass ðn glass $ 1:5Þ, leads to less light being transmitted into the solar cell, thereby causing efficiency deterioration of the PV systems [5] , [6] . Thus, surface antireflection is required to suppress the unwanted reflection loss at the air/glass interface for enhancing the transmission of sunlight into the solar cells and thereby improving the efficiency of the PV systems. The transmittance of coverglass for PV systems with MJ solar cells, in particular, should be enhanced by considering the absorption spectrum of each subcell. This is because the net photocurrent of MJ solar cell is limited by the subcell with the lowest photocurrent among series connected subcells [7] - [9] . Any enhancement in the light absorption of the subcell having the lowest photocurrent would therefore result in an increase in the net photocurrent and minimize the photocurrent difference between different subcells, which in turn would lead to an increase in the overall efficiency of PV systems with MJ solar cells. Self-cleaning function is also required to prevent the accumulation of surface contaminants on the coverglass and thereby maintaining the efficiency of the PV systems. It has been reported that the surface contaminants accumulated on the coverglass can block the transmission of sunlight into the solar cell resulting in a decline in the net efficiency of PV systems by 32%-40% within the first eight months of installation [10] - [13] . To satisfy both the requirements, surface relief nanostructures having excellent antireflection properties over a broad wavelength ranges and wide incident angles as well as with self-cleaning functionality are a promising candidate [4] , [7] , [11] - [17] .
Herein, nanostructured (NS) coverglasses with enhanced transmittance and self-cleaning function were readily fabricated using spin-coating silver (Ag) ink, which can produce nano-scale etch mask through a simple, fast, and cost-effective method without any complicated equipments [15] , and subsequent reactive ion etch (RIE) process in order to improve the conversion efficiency of PV modules with InGaP/GaAs/Ge triple-junction (TJ) solar cell. Prior to fabrication of NS glasses, theoretical calculation was carried out using a rigorous coupled-wave analysis (RCWA) method to determine the desirable period of glass nanostructure, which is a key parameter to achieve high transmittance throughout the entire solar spectrum, because the transmittance spectrum of NS glass is strongly correlated with their period [6] , [16] , [17] . The optical and wetting properties of NS coverglasses were systematically analyzed and the conversion efficiency of the PV modules with NS coverglasses was investigated.
Simulation and Experimental Details

Simulation of PV Modules With Various Coverglasses
The period of the glass nanostructure is crucial to achieve high transparency over a broad wavelength range because the transmittance of NS glass rapidly decreases as the period increases beyond the incident wavelength of light [6] , [17] . Thus, based on theoretical calculations, it is essential to determine the desirable period of glass nanostructure prior to fabrication of NS coverglasses for enhancing the light absorption of the PV module over the entire absorption wavelength range of the TJ solar cell consisting of 0.7 m-thick InGaP top cell, 3.65 m-thick GaAs middle cell, and 150 m-thick Ge bottom cell. Fig. 1(a) shows the calculated absorption of the PV modules with various coverglasses using RCWA method [18] . The absorption was obtained by subtracting the calculated reflectance (%) and transmittance (%) from 100%. The schematic illustration of a PV module with NS coverglass used in this calculation is presented in Fig. 1(b) . In this calculation, hexagonally symmetric glass nanostructure having a truncated cone-shape with a height of 100 nm, a bottom diameter-to-period (BtoP) ratio of 0.9, and a top diameter-to-period (TtoP) ratio of 0.5 was assumed for simplifying the calculation. It was also assumed that the light absorption by the thin AlGaAs/InGaP and GaAs/GaAs tunnel diodes that interconnects the InGaP and GaAs subcells and GaAs and Ge subcells, respectively, is negligible. As an encapsulation material, silicon resin ðn resin $ 1:53Þ was used. A double layer antireflection coating consisting of 58 nm-thick TiO 2 ðn TiO 2 $ 2:60Þ and 50 nm-thick Al 2 O 3 ðn Al 2 O 3 $ 1:77Þ was employed on the top layer of the solar cell (i.e., InAlP window layer) [19] . As can be seen from Fig. 1(a) , the PV modules with NS coverglass show higher light absorption than the one with bare coverglass in general. This is due to the enhanced light transmittance into the solar cell by integrating antireflective nanostructures on the surface of coverglass. As the period of glass nanostructure decreases, light absorption of the PV module increases, particularly in the short wavelength region. This can be attributed to the reduced surface reflection on the NS coverglass with decreasing period of nanostructure because the high-order (9 zero-order) diffraction losses in nanostructure were suppressed as the period of nanostructures became smaller than the incident wavelength of light [6] . The calculation result shown in Fig. 1 (a) strongly suggests that NS coverglass having a period of 300 nm or shorter would be the most effective one in absorbing photons in the shorter wavelength region and simultaneously over a broad wavelength range.
To investigate the effective light absorption of the PV module by considering solar spectrum and the absorption spectrum of each subcell of the TJ solar cell, we calculated the solar-weighted absorption (SWA) by dividing the wavelength range according to the dominant absorption wavelength range of each subcell (i.e., 300-660 nm, 660-870 nm, and 870-1800 nm for InGaP, GaAs, and Ge subcell, respectively). The SWA was calculated using the equation:
where F ðÞ is the photon flux rate in the air mass 1.5 global (AM 1.5G) spectrum and AðÞ is the calculated absorption [20] . The calculated SWAs of various PV modules with bare coverglass and NS coverglasses are presented in Table 1 . Among the various PV modules, the PV module with NS coverglass having a period of 300 nm exhibited much enhanced SWA for both the absorption spectrum of InGaP and GaAs subcells, which generate much lower photocurrent compared to that of Ge subcell. It also exhibited the smallest SWA difference (G 1%) between the absorption spectrum of InGaP and GaAs subcells, thereby minimizing the photocurrent mismatch between them. Therefore, the NS coverglass with a period less than 300 nm is highly desirable for improving the efficiency of the PV module with the TJ solar cell. This result also highlights the importance of integrating finely designed NS cover materials for effectively improving the efficiency of PV modules with various MJ solar cells.
Fabrication of NS Coverglasses
In this study, Ag etch masks formed using solvent-based spin-coating Ag ink and subsequent RIE process were used to fabricate NS glasses. To fabricate NS glass with desirable period, the Ag ink ratio in a mixed solution of isopropanol and Ag ink was carefully adjusted (i.e., Ag ink ratios of 50%, 35%, and 25%). The ink was spin-coated on a single-side of borosilicate glass (BoroFloat 33, Schott, USA) substrate, and then sintered on a hotplate at 200 C for 5 min to form nano-scale Ag etch masks. It is worth noting that the temperature and time to produce Ag masks on glass substrate were much lower and shorter, respectively, than previously reported technique in which the nano-scale metal masks were formed through the thermal dewetting of evaporated thin metal film [11] , [12] , [16] , [17] . This means that the fabrication cost and productivity of glass nanostructures can be reduced and enhanced, respectively, by using the spin-coating Ag ink. Further details regarding the Ag ink and the experimental procedure can be found in the literature [15] . RIE process was carried out at 75 W radio-frequency power and 20 mTorr process pressure for 9 min in a CF 4 =O 2 plasma ambient. After the RIE process, the samples were soaked in a diluted mixture of potassium iodide and iodine etchant at room temperature to completely remove the residual Ag masks for 5 s. Finally, the samples were rinsed with deionized water and dried with nitrogen jet. Fig. 2 shows the measured hemispherical transmittance spectra of the NS glasses fabricated using different Ag ink ratios of 50%, 35%, and 25%. The insets show 45 -tilted-view field-emission scanning electron microscope (FE-SEM, S-4700, Hitachi, Japan) images of the fabricated NS glasses corresponding to the ink ratios. The fabricated glass nanostructures showed an average height of 186 AE 7 nm. We estimated the average distance between the adjacent glass nanostructures (i.e., quasi-period) using a free-ware image processing program (ImageJ 1.42q, NIH). The glass nanostructures fabricated using an Ag ink ratio of 25% showed a desirable quasi-period of 231 AE 16 nm. The hemispherical transmittance spectra were measured using a UV-Vis-NIR spectrophotometer (Cary 500, Varian, USA) with an integrating sphere kept at near-normal incident angle of 8 . The measured transmittance of bare glass is also shown as a reference. The overall transmittance of the NS glasses was higher than the bare glass. However, the NS glasses fabricated using Ag ink ratios of 35% and 50% showed lower transmittance in the wavelength range shorter than $420 nm and $470 nm, respectively, compared to the bare glass. It is also seen that transmittance edge shifts toward longer wavelength with increasing Ag ink ratio due to the increased quasi-period of the fabricated glass nanostructures [6] , [17] . It is noteworthy that the NS glass fabricated with an Ag ink ratio of 25% which had a quasi-period less than 300 nm was the most effective one in enhancing the light transmittance, particularly at shorter wavelength region. We also investigated the transmittance of various glasses by calculating the solar-weighted transmittance (SWT) using the following equation:
Results and Discussion
where T ðÞ is the measured transmittance. The calculated SWTs of the bare glass and that of NS glasses are presented in Table 2 . From the calculated SWT, we convinced that the NS glass fabricated using 25% Ag ink ratio is the most desirable coverglass for the PV module with InGaP/ GaAs/Ge TJ solar cell because it displayed an SWT of 9 95% in both the absorption spectrum of InGaP and GaAs subcells. From this result, we verified the importance of the period of glass nanostructure on the light transmission properties into the solar cell. The effect of NS coverglasses on the performance of the PV modules was investigated by mounting the NS coverglasses on an InGaP/GaAs/Ge TJ solar cell with a TiO 2 =Al 2 O 3 double layer antireflection coating and an active area of 0.3025 cm 2 . The coverglass was mounted by surrounding the solar cell by a silicon resin. Fig. 3 shows the measured current density-voltage (J-V) curves of the PV modules with various NS coverglasses. The insets of Fig. 3 show the photographs of the PV modules with bare coverglass (left) and NS coverglass (right) fabricated using 25% Ag ink. The TJ solar cell under the bare coverglass is less visible due to the surface reflection at the bare coverglass, whereas the one under the NS coverglass is clearly seen due to reduced surface reflection. The J-V characteristics were measured using a solar simulator (Sol3A, Oriel, USA) under one-sun of AM 1.5G at room temperature.
The performance characteristics of the PV modules with various coverglasses are summarized in Table 3 . The number inside each parenthesis is the measured value before mounting the coverglass. It is important to note that the measured short-circuit current density ðJ sc Þ was enhanced by employing NS coverglasses compared to the one with bare coverglass. The largest enhancement of J sc (4.2% higher compared to the one with bare coverglass) was shown by the NS coverglass fabricated using 25% Ag ink ratio because it exhibited the most effective transmittance in both the absorption spectrum of InGaP and GaAs subcells. From additional calculations with parameters extracted from experiments, it is confirmed that the enhanced J sc of the solar cell with a NS coverglass fabricated using 25% Ag ink ratio is predominantly due to the 4.4% and 3.3% enhanced SWA in the absorption spectrum of InGaP and GaAs subcell, respectively. Meanwhile, the open TABLE 2 Calculated SWT of bare glass and NS glasses produced using different Ag ink ratios circuit voltage ðV oc Þ and the fill factor (FF) were nearly the same even after mounting the coverglasses, indicating no deterioration in electrical properties of the PV modules. The efficiency ðÞ, therefore, was improved by 4.3% compared to that of with the bare coverglass. These results clearly suggest the requirement of finely designed NS coverglass to effectively improve the conversion efficiency of PV modules with various MJ solar cells.
Incident angle-dependent conversion efficiency is another important parameter used to determine the performance of PV module. A good PV module with solar cell should be able to generate high and stable solar electricity during the daytime irrespective of change in the sun's altitude as the day progress. Fig. 4(a) shows the measured incident angle-dependent efficiency and J sc of the PV modules with bare coverglass and NS coverglass fabricated using 25% Ag ink. As the angle of incidence (AOI, i ) was increased from 20 to 70 , the efficiency of the PV modules with bare coverglass and NS coverglass decreased from 28.5% to 10.9% and 30.2% to 13.0%, respectively. The efficiency drop is mainly due to the decreased J sc (13.34 to 5.39 mA/cm 2 and 14.16 to 6.42 mA/cm 2 for the PV module with bare coverglass and NS coverglass, respectively) with increase in AOI from 20 to 70 . Meanwhile, the decrease in J sc can be ascribed to the decreased incident angle-dependent SWT with an increase in the AOI as shown in Fig. 4(b) . It is notable that the PV module with NS coverglass showed higher efficiency compared to the one with bare coverglass in the entire AOI. Although incident angle-dependent V oc and FF were slightly TABLE 3 Summarized characteristics of the PV modules with bare coverglass and NS coverglasses decreased from 2.57 to 2.51 AE 0.004 V and 82.3 to 76.9 AE 0.3%, respectively, these changes did not significantly affect the incident angle-dependent efficiency.
In real environment, PV modules are installed outdoors and surface contaminants such as dust particles and sand are accumulated on the coverglass surface thereby causing degradation in the conversion efficiency by blocking the transmission of sunlight into solar cell [10] - [12] . Hence, selfcleaning functionality is highly required to clean the surface of the coverglass. Fig. 5(a) shows the photographs of water droplets on the surface of bare glass (left) and NS glass (right). To investigate the wetting properties of bare glass and NS glass, the contact angles ð c Þ of a water droplet was measured using a contact angle measurement system (Phoenix-300 Touch, SEO Co., Ltd., Republic of Korea). The NS glass exhibited improved hydrophilicity ð c $ 12:6 Þ compared to that of bare glass ð c $ 58:9 Þ due to enhanced surface roughness [16] . It is generally known that the hydrophobic surface has self-cleaning function (Lotus leaf's effect) as reported in literature [4] , [13] , [21] . Note that a hydrophilic surface also can provide self-cleaning function [11] , [12] , [21] . The flowing liquid film on the inclined hydrophilic surface can wash away the surface contaminants. The usefulness of this feature can be validated by an outdoor testing as shown in the microscope images of Fig. 5(b) . The bare glass and NS glass tilted at 45 were exposed to outdoor for 3 weeks of which there were four rainy days. The NS glass shows a clean surface due to its self-cleaning function, whereas the bare glass shows a contaminated surface due to the accumulation of dust particles and sand. We therefore found that the NS coverglass can not only improve the efficiency of PV modules by enhancing light transmission into solar cell, but also can provides self-cleaning capability which can maintain the efficiency of PV modules for longer duration. In addition, the NS covers are also effective in enhancing the performance of light emitting diodes by reducing unwanted reflections that occur at the interface between the outermost layer of LED and air [22] - [24] .
Conclusion
We fabricated highly transparent NS coverglass using spin-coating Ag ink to improve the efficiency of PV module with InGaP/GaAs/Ge TJ solar cell. Theoretical calculation based on RCWA method was performed prior to fabrication in order to determine the desirable period of glass nanostructures for effectively improving the efficiency of the PV module. By adjusting the Ag ink ratio, various NS glasses having different quasi-period were fabricated. The NS coverglass fabricated using 25% Ag ink ratio which had a quasi-period less than 300 nm showed the most desirable light transmittance for enhancing the photocurrent of the TJ solar cells. Therefore, the PV module with NS coverglass fabricated using 25% Ag ink ratio showed the largest enhancement in J sc and efficiency. The PV module with NS coverglass also showed a superior incident angle-dependent efficiency than the one with bare coverglass due to enhanced incident angle-dependent SWT of the NS coverglass. In addition, the NS coverglass demonstrated self-cleaning capability which helps to maintain the efficiency of PV module for longer duration. From these results, it was found that integrating finely designed NS cover material is absolutely necessary to effectively improve and maintain the efficiency of various PV systems with MJ solar cells.
